We report petrological and geochemical data for the 2·87 Ga Rio Maria sanukitoid granodiorite and associated rocks from Mesoarchean granite^greenstone terranes of the eastern Amazonian craton, Brazil. The dominant rocks have granodiorite to subordinate monzogranitic compositions, with minor proportions of intermediate quartz diorites or quartz monzodiorites, in addition to mafic endmembers occurring as layered rocks or as enclaves. The mineral assemblage is dominated by amphibole^plagioclase^biotite and epidote minerals, all of inferred magmatic origin, pyroxenes being notably absent. Textural and compositional criteria indicate that amphibole is a principal mineral on the liquidus of all the Rio Maria rocks. Crystallization conditions have been derived from a comparison between natural phase assemblages, proportions and compositions and experimental studies carried out on similar magma compositions. The comparison shows that the parental magmas were water-rich, with more than 7 wt % dissolved H 2 O, with crystallization temperatures in the range 950^6808C. The Mg/(Mg þ Fe) ratios of both amphibole and biotite indicate fO 2 conditions in the range NNO þ 0·5 to NNO þ 2·5 (where NNO is nickel^nickel oxide buffer), therefore pointing to both water-rich and oxidizing conditions for sanukitoid magmas. Amphibole compositions indicate emplacement at around 200 MPa, and record a high-pressure stage of magma crystallization around 600^900 MPa. Sanukitoid magmas share two of the principal characteristics of modern arc magmas, elevated redox state and volatile contents, which suggest that they may have formed in a geodynamic environment broadly similar to present-day subduction zones.
I N T RO D UC T I O N
Sanukitoid suites have been reported from several cratons (Stern & Hanson, 1991; Smithies & Champion, 2000; Bagai et al., 2002; Moyen et al., 2003; Halla, 2005; Kovalenko et al., 2005) and are now recognized as an important component of Archean terranes (Condie, 2005; Martin et al., 2005) . Sanukitoids were formed during the late Archean (2·95^2·54 Ga) and are high-Mg rocks that display geochemical characteristics similar to both mantle-and crust-derived magmatic rocks. Extensive occurrences of sanukitoid rocks were recently identified in the Mesoarchean Rio Maria granite^greenstone terrane of the eastern Amazonian craton (Althoff et al., 2000; Leite, 2001; Souza et al., 2001; Oliveira et al., 2009) . This terrane consists predominantly of greenstone belts, tonalitet rondhjemite^granodiorite (TTG) suites and sanukitoid rocks, with subordinate calc-alkaline leucogranites Oliveira et al., 2009) . The sanukitoid rocks belong to the $2·87 Ga Rio Maria suite, which is intrusive into the greenstone belts and older TTG series. Granodiorite is the dominant rock type in the Rio Maria suite. It carries amphibole-rich clots and abundant mafic enclaves and, in the Bannach area, which is the focus of this study, has associated intermediate and layered mafic rocks.
The petrogenesis of sanukitoids is currently the subject of intense debate (Smithies & Champion, 2000; Kovalenko et al., 2005; Lobach-Zhuchenko et al., 2008) . Their high Mg-number, associated with elevated Cr and Ni contents, indicates a mantle influence and suggests a peridotitic rather than a basaltic source. On the other hand, the relative light rare earth element (LREE) enrichment and high Ba and Sr contents of sanukitoid magmas compared with typical calc-alkaline series could be interpreted as evidence of their crustal origin or, alternatively, of crustal contamination during their evolution. However, the low contents of these elements in the Archean crust do not favor such hypotheses (Taylor & McLennan, 1985; Stern et al., 1989) . The isotopic composition of the sanukitoid rocks is also paradoxical, with Nd and Sr isotopes pointing to a mantle origin (Stern & Hanson, 1991; Kovalenko et al., 2005) , whereas Pb isotope compositions of K-feldspars argue for a crustal source (Stevenson et al., 1999; Halla, 2005) . At present, most researchers agree that both mantle and subduction-related components must play an important role in the petrogenesis of the sanukitoid series and two main hypotheses have been proposed: (1) a two-stage process: during the first stage, the mantle is metasomatized either by melts (Smithies & Champion, 2000) or by aqueous fluids (Kamber et al., 2002) , both slab-derived; in the second stage, melting of the enriched mantle produces sanukitoid magmas (Stern & Hanson, 1991) ; (2) a one-stage process, involving continuous assimilation of mantle peridotite by slab melts ascending through the mantle wedge (Rapp et al., 1999) .
In addition to uncertainties about the origin of sanukitoid rocks, their crystallization conditions, including oxidation state, H 2 O content and pressure of crystallization, also remain poorly constrained. Over the last 30 years, a number of experimental studies have been performed to provide quantitative constraints on the magmatic evolution of granitoids (Naney & Swanson, 1980; Naney, 1983; Wyllie, 1984; Clemens et al., 1986; Dall' Agnol et al., 1999; Scaillet & Evans, 1999; Klimm et al., 2003; . In particular, Scaillet & Evans (1999) , Prouteau & Scaillet (2003) and Bogaerts et al. (2006) have performed experimental studies on rocks having compositions similar to the dominant rocks of the Rio Maria suite, which are the focus of the present study. Such studies have proven to be of great help not only in the elucidation of the storage conditions of volcanic rocks (e.g. Martel et al., 1999; Scaillet & Evans, 1999) , but also for unravelling the evolution of granitoid plutons (e.g. Clemens & Wall, 1981; Clemens et al., 1986; Scaillet et al., 1995; Dall' Agnol et al., 1999; Klimm et al., 2003; Bogaerts et al., 2006) .
The aim of this study is to present a geochemical, mineralogical, and petrological description of the Rio Maria suite from the Bannach area to constrain the crystallization conditions, mainly H 2 O content, pressure, temperature and fO 2 , using available experimental data on similar rock types. This is the first attempt to evaluate the crystallization conditions of sanukitoid magmas.
A NA LY T I C A L M E T H O D S
Chemical analyses of samples from the Bannach area were performed at ACME-Lab laboratories. Major, minor and trace elements were analyzed by inductively coupled plasma atomic-emission spectroscopy, and REE by inductively coupled plasma mass spectrometry. Major elements have a detection limit of 0·01%, whereas minor and trace elements have a detection limit between 0·01 and 1ppm. Major and trace element abundances were determined on 0·1 g samples following a lithium metaborate^tetraborate fusion and dilute nitric acid digestion. Loss on ignition (LOI) is by weight difference after ignition at 10008C.
The compositions of amphibole, biotite and epidote were determined by electron microprobe at the laboratory of the University of Sa‹ o Paulo, using a JEOL superprobe JXA-8600 electron microprobe using the following analytical conditions: 15 kV acceleration voltage, 20 nA sample current, 10 s total counting time.
Bulk magnetic susceptibility values were measured on representative samples of granodiorite and intermediate rocks from the Rio Maria suite in the Bannach area, using SI-1 flat and cylindrical coils in the magnetic petrology laboratory of UFPA.
G E O L O G I C A L S E T T I N G A N D F I E L D R E L AT I O N S H I P S
The aim of this section is to provide a concise overview of the geology of the study area. The Archean Rio Maria suite crops out in several areas of the Rio Maria graniteĝ reenstone terrane, which corresponds to the southern part of the Archean Caraja¤ s province in the eastern domain of the Amazonian Craton Oliveira et al., 2009 ). The Caraja¤ s province is part of the Central Amazonian province (Tassinari & Macambira, 2004) and is divided into two Archean tectonic domains (Fig. 1a) , the 2·98^2·86 Ga Rio Maria granite^greenstone terrane (Macambira & Lafon, 1995; Dall' Agnol et al., 2006) and the extension-related Caraja¤ s Basin, mainly composed of 2·76^2·55 Ga metavolcanic rocks, banded iron formations and granitoids (Machado et al., 1991;  DE OLIVEIRA et al.
SANUKITOID PETROGENESIS, BRAZIL Macambira & Lafon, 1995; Barros et al., 2001) . The two domains were cratonized at the end of the Archean and intruded by Paleoproterozoic A-type granites of the Serra dos Caraja¤ s and Jamon suite (Dall' Agnol et al., 2005) . The Archean Rio Maria granite^greenstone terrane ( Fig. 1) consists of greenstone belts (Andorinhas supergroup, Huhn et al., 1988; Souza et al., 2001 ) and a number of granitoids . The greenstone belts have ages of 2·97^2·90 Ga and are composed dominantly of metamorphosed tholeiitic basalts and komatiites (Huhn et al., 1988; Souza et al., 2001) . The granitoids have yielded ages between 2·98 and 2·86 Ga and are broadly similar to those found in other Archean terranes. Four groups of granitoids can be distinguished: (1) an older TTG series represented by the Arco Verde, Caracol, Mariazinha tonalites, and Mogno trondjemite ($2·98^2·92 Ga; Macambira & Lancelot, 1996; Althoff et al., 2000; Leite et al., 2004; Almeida, 2010) ; (2) the 2·87 Ga Rio Maria sanukitoid suite formed of various occurrences of granodiorite and associated rock types (Medeiros, 1987; Macambira & Lancelot, 1996; Althoff et al., 2000; Leite et al., 2004; Oliveira et al., 2009) ; (3) a younger TTG series represented by the A ¤ gua Fria trondhjemites (2·87 Ga; Leite et al., 2004) ; (4) $2·86 Ga Archean granites, including (a) potassic leucogranites of calc-alkaline affinity such as the Xinguara and Mata Surra‹ o plutons (Lafon et al., 1994; Leite et al., 1999 Leite et al., , 2004 , (b) a leucogranodiorite^granite group represented by the Guaranta‹ suite, Grota‹ o granodiorite and similar granites (Almeida, 2010) , and (c) granites associated with sanukitoid suites (Rancho de Deus granite: Almeida, 2010) . The principal shearing deformational event identified in this area occurred at around 2·87 Ga (Althoff et al., 2000; Souza et al., 2001; Leite, 2001) . The Archean granitoids and greenstone belts are intruded by $1·88 Ga A-type granite plutons of the Jamon suite and associated dikes (Dall' Agnol et al., 2005; Dall' Agnol & Oliveira, 2007) .
Rio Maria granodiorite
The Rio Maria granodiorite is the dominant rock type within the sanukitoid suite, covering large areas (42000 km 2 ) of the Rio Maria granite^greenstone terrane (Fig. 1) . It is exposed south of Rio Maria (type-area; Medeiros, 1987) , to the south and NE of Xinguara (Leite, 2001) , to the north of Redenc°a‹ o (Althoff et al., 2000) and to the east of Bannach (Oliveira et al., 2009) . Mafic and intermediate sanukitoid rocks are scarce, forming only local occurrences (Xinguara area, Souza, 1994; Leite, 2001) (Fig. 2 , Bannach area, Oliveira et al., 2006) . Field relationships show that the Rio Maria suite is intrusive into both the greenstone sequences (Souza et al., 2001 ) and the Arco Verde and Caracol tonalites (Althoff et al., 2000; Leite et al., 2004) and is itself intruded by the A ¤ gua Fria trondhjemite (Leite et al., 2004) , potassic leucogranites (Mata Surra‹ o granite, Duarte, 1992 ; Xinguara granite, Leite et al., 2004) and by the Paleoproterozoic granites of the Jamon suite (Dall' Agnol et al., 2005) .
The Rio Maria granodiorite contains centimeter-to decimeter-scale mafic enclaves and generally has a greenish-gray color owing to the strongly saussuritized plagioclase. It shows a weak subvertical foliation striking WNW^ESE to east^west acquired during late magmatic to high-temperature subsolidus conditions. This foliation is outlined by the preferred orientation of mafic minerals and, locally, enclaves (Althoff et al., 2000; Leite, 2001; Souza et al., 2001) . The mafic enclaves have flattened or rounded shapes, being deformed only when located near or along shear zones (Souza, 1994; Althoff et al., 2000; Leite, 2001) . The enclaves display evidence of interaction with the host granodiorite, both rocks sharing the same finite strain fabric. These features point to a low viscosity contrast between the enclaves and the Rio Maria granodiorite at the time of enclave incorporation, which suggests coexistence of the two magmas while both were still partly molten (Souza & Dall' Agnol, 1995; Althoff et al., 2000; Leite, 2001) .
The Bannach area was selected for this study because of the abundance of mafic and intermediate rocks associated with the Rio Maria granodiorite (Oliveira et al., 2009) . The mafic to intermediate rocks occur in two domains (Fig. 2) . In the main domain, located near Bannach, they are exposed as part of a stock composed mostly of quartz diorite and quartz monzodiorite; in the second domain, situated along the road between Rio Maria and Bannach, various outcrops of layered rocks can be seen. The dominant intermediate variety consists of mesocratic, dark green rocks, with a medium-to coarse-grained texture. The layered rocks, of inferred cumulate origin (Oliveira, 2005; Oliveira et al., 2009) , are characterized by a remarkable concentration of generally quadratic or short prismatic coarse amphibole crystals, set in a matrix of leucocratic intercumulus material. The igneous layering is highlighted by the alternation of darker layers of coarse rocks enriched in centimeter-sized amphibole crystals ( Fig. 3c and d) , with gray-colored and medium-grained layers. The layering is sub-horizontal, gently dipping northeastward with no evidence of significant superimposed solid-state deformation.
P E T RO G R A P H Y
In the Rio Maria suite the dominant rocks have granodioritic to subordinate monzogranitic (Table 1) composition and display equigranular, medium or coarse even-grained textures (Oliveira, 2005; Oliveira et al., 2009) . The associated intermediate rocks are quartz diorites and quartz monzodiorites. All facies of the Rio Maria suite have strongly saussuritized plagioclase and contain amphibole AE biotite AE magmatic epidote as their principal mafic minerals. M (modal % in volume of mafic minerals) values normally vary between 10 and 25% in the granodiorites, attaining higher values (generally 20 to $40%) in the intermediate rocks (Oliveira et al., 2009) . The assemblage of primary accessory minerals includes zircon, apatite, magnetite, titanite, and allanite. In the granodiorites, Fe^Ti oxide minerals are rare to absent, excepting a few samples in which 0·1^0·2% magnetite þ ilmenite þ hematite modal contents were observed. In the intermediate rocks, opaque mineral modal contents vary from 0·1 to 1·0%, and magnetite and hematite are common accessory phases, which is consistent with their higher magnetic susceptibility (MS) values (mostly 41 Â10 À3 SI units) compared with the granodiorites (5 1 Â10 À3 in SI units; Dias et al., 2006; Nascimento, 2006 Ishihara (1977 Ishihara ( , 1981 . However, assuming that the present-day iron^titan-ium oxide assemblage is representative of the magmatic stage of evolution, the granodiorite would be more akin to the ilmenite-series of Ishihara (but see below). The magnetic behavior of the layered rocks is also ambiguous, but they are more similar to the intermediate rocks than the granodiorite.
In the dominant epidote^biotite^hornblende granodiorite, microscope-scale textural criteria indicate that apatite, zircon, magnetite and allanite are early crystallized phases followed by magnesian hornblende and plagioclase (Oliveira, 2005; Oliveira et al., 2009) . Amphibole forms euhedral, twinned crystals, which are well preserved or only partially replaced by late magmatic biotite and subordinate titanite and epidote. Plagioclase is euhedral to subeuhedral and originally zoned but the intense saussuritization prevents the determination of its original composition. Biotite crystallizes after both amphibole and plagioclase and displays regular contacts with euhedral epidote suggesting equilibrium between these two minerals. Such epidotes exhibit, however, highly embayed, irregular contacts with quartz and plagioclase. In addition to secondary epidote derived from plagioclase, two textural types of epidote interpreted as of magmatic origin can be distinguished: (1) epidote with an allanite core and (2) zoned epidote associated with, and partially enclosed by, biotite. In all rocks of the Rio Maria suite, modal abundances of magmatic epidote are as high as 5 vol. %. Quartz forms subhedral to anhedral medium-grained crystals that are sometimes recrystallized, forming subgrains with undulatory extinction. K-feldspars crystallized late, forming anhedral, sometimes poikilitic crystals, with inclusions of quartz, plagioclase and euhedral amphibole. At the subsolidus stage, chlorite, secondary epidote, sericite and carbonates were produced.
In the quartz diorites and quartz monzodiorites, the mineral assemblages and textural relationships between the minerals are very similar to those observed in the dominant granodiorite, amphibole and plagioclase being more abundant whereas quartz and K-feldspars modal contents are lower than in the granodiorite.
The mineralogy of the layered rocks is similar to that of the Rio Maria granodiorite and intermediate rocks. The textural variations are directly related to the layers of the rock. The darker layers have an inequigranular texture and the cumulus material is formed of centimeter-sized euhedral pargasite to magnesium-hornblende crystals ( Fig. 3e and f) with rims of magnesium-hornblende to actinolitic hornblende, partially replaced by biotite. The intercumulus material is mainly composed of quartz and intensely saussuritized plagioclase, with subordinate amphibole, biotite, and epidote. The accessory minerals are allanite, titanite, magnetite, and apatite. The gray layers also have an inequigranular texture. In these layers, the cumulus material is composed of comparatively smaller amphibole crystals whose replacement by biotite is more intense when compared with the darker layers.
The intercumulus phases are similar to those observed in the darker layers.
For a more detailed study of the mafic enclaves, samples were drilled out at four localities with a portable drill core. The central parts of the cores exhibit no apparent interaction with the host granodiorite and are laminated. Such cores have dioritic to quartz monzonitic composition (see Ka« pyaho, 2006) and follow a monzonitic trend in the QAP plot (Fig. 4) (Lameyre & Bowden, 1982) . The textures in the dioritic enclaves are not particularly different from those of the intermediate Rio Maria rocks. In the monzodiorites to quartz monzonites, the presence of abundant poikilitic coarse K-feldspar crystals with inclusions of medium-to fine-grained amphibole is noteworthy. The alkali-feldspar crystals are sub-euhedral and display regular contacts with plagioclase. Textural evidence indicates that they crystallized in equilibrium with the other minerals and do not correspond to entrained crystals from the enclosing granodiorite. These enclaves are rich in mafic minerals with M ! 40% (Fig. 4) . Amphibole is by far the most abundant mafic mineral, followed by biotite, magmatic epidote, and the same accessory mineral assemblage as the granodiorite. The amphibole crystals are generally euhedral and contain minute inclusions of opaque minerals. Quartz modal contents are low and crystals are anhedral, filling the interstices between other minerals, suggesting late crystallization. The contacts between the enclaves and the host granodiorite are sharp but indented in detail. Amphibole crystals are concentrated along the contact and the ratio of plagioclase/K-feldspar is greater towards the edge of the enclave. The key feature relevant to the estimation of crystallization conditions is the occurrence of magmatic amphibole and epidote, both minerals being diagnostic of specific P^T^H 2 O^fO 2 conditions as indicated below. In particular, the early appearance of amphibole in the crystallization sequence and its elevated modal proportion in the entire suite strongly suggest that conditions conducive to massive precipitation of this mineral were dominant during pluton solidification. In this respect, we note that experiments have shown that very high modal proportions of amphibole, over 60 wt %, can be reached during crystallization of hydrous basaltic magmas in the mid-to lower crust (Pichavant & Macdonald, 2007) . In other words, a high modal proportion of a particular mineral in a plutonic rock need not reflect an accumulation processes only: it may also be a primary feature of the solidified magmatic rock.
G E O C H E M I ST RY
A detailed discussion of the geochemistry of the studied rocks and of their sanukitoid affinity has been given by Oliveira et al. (2009) . Below we provide an overview of the major geochemical characteristics of the Rio Maria sanukitoids. Table 2 ). The layered rocks and mafic enclaves have similar silica contents, which vary from 50 to 57 wt % (Table 2) , compared with the intermediate rocks and granodiorites (respectively, 59^64 wt % and 63^67 wt %). The Al 2 O 3 contents are similar in the enclaves, intermediate rocks and granodiorites, reaching the lowest values in the layered rocks, which are impoverished in feldspars relative to the other members of the suite. All analyzed rocks have Al 2 O 3 contents ( Table 2 ) that are lower than those of typical calc-alkaline series of similar silica contents (Irvine & Baragar, 1971; Ringwood, 1975; Wilson, 1989) .
The REE patterns of the granodiorites and intermediate rocks are similar, with pronounced enrichment in the LREE and strong to moderate fractionation of the heavy rare earth elements (HREE), associated with small or absent Eu anomalies. The REE patterns in the layered rocks and enclaves show a less pronounced enrichment in LREE, and minor fractionation of HREE relative to the granodiorites and intermediate rocks. Despite these geochemical similarities, Oliveira et al. (2009) have shown that the granodiorites and intermediate rocks probably derived from two distinct magmas, both with sanukitoid affinity, which possibly originated from different degrees of partial melting of a metasomatized mantle source.
M I N E R A L C O M P O S I T I O N S Amphibole
The amphibole was analyzed in one sample from each of granodiorite, intermediate rock, mafic enclave, and on two samples of layered rocks (Table 3) . According to the classification of Leake et al. (1997) , the amphibole within the Rio Maria suite is a Mg-hornblende; subordinate pargasite and Mg-hastingsite occur in the layered rocks and mafic enclaves (Fig. 6 ). The amphibole rims are enriched in silica and impoverished in alumina relative to the cores, with Mg-hornblende to actinolitic hornblende compositions, the latter being found only in the intermediate rocks and in the cumulate crystals of the layered rocks (Fig. 6 ). Amphibole Fe/(Fe þ Mg) ratios (Fe-number) range from 0·25 to 0·43 in the rocks of the Rio Maria suite (Table 3 
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JOURNAL OF PETROLOGY VOLUME 51 NUMBER 10 OCTOBER 2010 and the host granodiorite (0·36^0·43; Fig. 7a and b) . A similar pattern is observed in the amphibole rim compositions of the various studied rocks (Table 3 ; Fig. 7c and d) . The Al IV and Al IV þAl VI contents are very similar in the amphibole crystals of the Rio Maria suite, except for the amphibole cores of cumulate crystals in the layered rocks, which have higher Al IV and total Al contents (Table 3 ; Fig. 7a and c) . The significant difference in Al IV and total Al contents between the core and rim amphibole of the cumulate crystals is remarkable (Fig. 7a and c) .
Biotite
The dark mica within the rocks of the Rio Maria suite is a magnesium-biotite (Table 4 ; Fig. 8a , Foster, 1960; Rieder et al., 1998) , with Fe/(Fe þ Mg) ratios (Fig. 8b) increasing from the intermediate rocks and intercumulate biotite crystals of the layered rocks (0·36^0·38), toward the granodiorite (0·40^0·42) and mafic enclaves (0·42^0·46). Fe/(Fe þ Mg) ratios in coexisting hornblende and biotite are similar in the different studied rocks, except for the mafic enclaves where biotite has Fe/(Fe þ Mg) ratios higher than those of the associated amphibole (Fig. 8b) .
The Al contents show a narrow range, varying from 15 to 16·3 wt % (Table 4) ; TiO 2 contents are also low (mostly below 1·4 wt %), the lowest values being found in the intermediate rocks (0·39^0·72 wt %).
Epidote
Textural criteria described by Zen & Hammarstrom (1984) were used by Oliveira et al. (2009) to distinguish magmatic from secondary epidote in the rocks of the Rio Maria suite. These criteria include the presence of an allanite-rich core and chemical zoning in magmatic epidote, both 
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features commonly observed in the rocks of Rio Maria suite. In the present study, additional compositional criteria (Tulloch, 1979; Evans & Vance, 1987) , based on the pistacite (Ps ¼ molar [Fe 3þ / (Fe 3þ þ Al)] Â 100) and TiO 2 wt % content of epidote were also used to evaluate its magmatic vs subsolidus origin. More than 60 microprobe analyses of epidote crystals interpreted as magmatic on textural grounds and a few comparative analyses of secondary epidote grains were performed. The core and rim compositions of at least eight grains per group of rocks were determined (Table 5 , Fig. 9 ).
Euhedral epidote crystals within the Rio Maria suite have 50·2 wt % TiO 2 (Table 5) , whereas epidote crystals replacing biotite have 40·6 wt % TiO 2 . These results are in agreement with a magmatic and a secondary origin, respectively (Evans & Vance, 1987) . Tulloch (1979) and Vyhnal et al. (1991) reported pistacite contents between 25 and 29 (mol %) as typical of magmatic epidote. Tulloch (1979) also showed that epidote grains formed in the same rock by subsolidus alteration of plagioclase and biotite have Ps 0^24 and Ps 36^48 , respectively (Fig. 9) . In addition, analyses of synthetic epidotes by Liou (1973) indicate a pistacite content range of 25^35%. The mole per cent Ps of magmatic epidote in the Rio Maria suite lies in a narrow range Ps 26^33 (see Sial et al., 1999) , with a slight core-to-rim variation in Al and Fe content ( Table 5 ). The pistacite contents of inferred magmatic epidote in the granodiorite ranges between 28 and 33. Similar values are found in the layered rocks (Ps 28^30 ), mafic enclaves (Ps 28^31 ), and intermediate rocks (Ps 26^31 ).
In summary, the chemical data obtained on epidote crystals from the various rocks of the Rio Maria suite and interpreted as of magmatic origin on textural grounds, show that they have pistacite and TiO 2 contents within the range expected for magmatic epidote according to previous studies (Liou, 1973; Tulloch, 1979; Vyhnal et al., 1991; Sial et al., 1999) .
C RY S TA L L I Z AT I O N PA R A M E T E R S O F T H E R I O M A R I A S U I T E General considerations on the use of phase equilibria for plutonic rocks
We now first briefly review the available experimental data relevant to the petrogenesis of the Rio Maria suite, which we use here to constrain the crystallization conditions, in addition to conventional mineral geobarometers. We then combine the results of selected studies together with the petrological and mineral chemistry data presented above to provide constraints on P, T, H 2 O and fO 2 . A potential problem in this approach is the fact that coarse-grained igneous rocks do not represent true melt compositions, being potentially affected, inter alia, by mineral accumulation processes (e.g. Clemens & Wall, 1981) . However, a number of experimental studies performed on plutonic rocks (e.g. Clemens & Wall, 1981; Clemens et al., 1986; Scaillet et al., 1995; Dall' Agnol et al., 1999; Klimm et al., 2003 Klimm et al., , 2008 Bogaerts et al., 2006) , have clearly demonstrated the usefulness of such an approach, providing, if not quantitative constraints on the intensive parameters, at least a more rigorous insight into the way the parental magmas were produced and stored. Comparison of intensive parameters obtained for volcanic and plutonic rocks, using various approaches including experimentally based ones, shows that there are no major differences between erupted and non-erupted magmas in terms of their temperature and volatile contents (Scaillet et al., 1998) . As an example, the experimental work on the Pinatubo dacite discussed below comes from a study of a porphyritic pumice (50% crystallized) for which cumulative processes are likely, yet inferences about its P^T^H 2 O^fO 2 conditions prior to eruption have been obtained and, more importantly, the same pre-eruptive conditions have been determined using different approaches [compare Scaillet & Evans (1999) with Rutherford & Devine (1996) ]. There is little doubt, therefore, that experiments can be of great help in unraveling the magmatic evolution of plutonic rocks. The convergence in estimates of magma emplacement conditions generally obtained indicates that problems related to mineral accumulation have not obscured the main magma characteristics, possibly owing to the multiply saturated nature of the system, which diminishes its variance. Lastly, we note that it is possible to retrieve basic information about magma crystallization conditions by using the conventional haplogranite system, in particular its phase relations established under various water pressures. Application of this method implies, however, two important assumptions: (1) that the magmas evolved under H 2 O saturation (as the phase diagrams have been established under those conditions); (2) that the effects of components other than Si^Al^Na^K on the phase relations can be ignored. Assumption (1) has clearly no basis in the general context of Archean magmatism, and assumption (2) although permissible for Ca^Fe^Mg-poor rocks such as rhyolites or felsic granites, has no foundation either in the case of intermediate to mafic compositions such as those studied here. In particular, the elevated contents of Ca in our samples will inevitably lead to major changes in the feldspar stability fields compared with the well-known Ca-free haplogranite system. Such phase boundaries have still not been experimentally worked out, with the implication that P^T constraints derived from plotting natural (Fe^Ca^Mg-bearing) intermediate rocks in the haplogranite system are to a large extent meaningless.
Experimental studies relevant to Rio Maria Suite
A number of experimental studies have been aimed at establishing the phase equilibria and compositions of natural intermediate to silicic rocks. In Table 6 we list the starting compositions of rocks used in those studies that most closely resemble those of the Rio Maria suite. The synthetic composition of Naney (1983) 0·147 0·010 0·098 0·069 0·039 0·015 0·078 0·000 0·069 0·108 0·064 0·064 0·000 0·039 0·123 0·054 0·000 0·113 0·010 0·074 0·108 0·000 0·088 0·020 MgO 0·000 0·000 0·007 0·012 0·021 0·007 0·055 0·000 0·007 0·006 0·000 0·001 0·006 0·006 0·006 0·025 0·020 0·030 0·014 0·018 0·015 0·000 0·013 0·000 CaO 23·277 22·206 22·816 23·475 22·869 23·004 22·341 23·482 22·976 23·170 22·732 22·697 22·842 22·525 22·719 22·599 21·842 22·918 22·694 23·457 22·893 23·103 23·008 22·360 MnO 0·108 0·124 0·086 0·115 0·110 0·114 0·182 0·094 0·105 0·128 0·112 0·153 0·133 0·170 0·179 0·146 0·120 0·203 0·183 0·121 0·076 0·195 0·195 0·042
Number of cations on the basis of 13 oxygens Si 3·135 3·132 3·128 3·133 3·138 3·103 3·136 3·128 3·137 3·148 3·142 3·133 3·158 3·128 3·142 3·161 3·138 3·143 3·099 3·085 3·076 3·099 3·083 3·092 Ti 0·009 0·001 0·006 0·004 0·003 0·001 0·005 0·000 0·004 0·007 0·004 0·004 0·000 0·003 0·008 0·003 0·000 0·007 0·001 0·005 0·007 0·000 0·006 0·001 Al 2·217 2·231 2·189 2·230 2·231 2·243 2·188 2·183 2·149 2·210 2·216 2·183 2·164 2·184 2·123 2·269 2·249 2·191 2·241 2·188 2·117 2·249 2·213 2·149 Fe 3þ 0·858 0·915 0·919 0·852 0·883 0·908 0·901 0·917 0·946 0·858 0·886 0·948 0·908 0·936 0·971 0·805 0·905 0·883 0·933 0·951 1·044 0·888 0·960 1·032 Mg 0·000 0·000 0·001 0·002 0·003 0·001 0·007 0·000 0·001 0·001 0·000 0·000 0·001 0·001 0·001 0·003 0·003 0·004 0·002 0·002 0·002 0·000 0·002 0·000 SiO 2 , Al 2 O 3 , and CaO and lower Fe 2 O 3 and MgO contents relative to the Rio Maria granodiorites. Of importance in the latter study is the demonstration that oxidizing conditions enhance the magmatic stability field of epidote, implying that it remains stable at higher temperatures and lower pressures relative to previous estimates (Naney, 1983; Johnston & Wyllie, 1988; Van der Laan & Wyllie, 1992) . The samples selected for experimental studies of the Pinatubo dacite (Scaillet & Evans, 1999; Prouteau & Scaillet, 2003 ; see also Costa et al., 2004) and Lyngdal granodiorite (Bogaerts et al., 2006) have silica contents similar to those of the granodiorites and intermediate rocks of the Rio Maria suite (Table 6 ). The Pinatubo dacite resembles the Rio Maria granodiorite also in its Sample: In view of the compositional differences between the Rio Maria sanukitoid rocks and those used in phase equilibrium studies, we will primarily use the phase equilibria established for the Pinatubo dacite, keeping in mind the possible distortions of the phase boundaries that may arise from minor compositional variations. The phase relations obtained in the experiments on the Pinatubo dacite, and more specifically those at pressures of 400 and 960 MPa (Prouteau & Scaillet, 2003) , are indeed generally consistent with the order of crystallization deduced for the Rio Maria suite on the basis of mineralogical and petrographic studies. For epidote, a mineral phase not identified in the Pinatubo experiments, the results of other experimental studies are also considered (Naney, 1983; Schmidt & Thompson, 1996) .
Pressure
Starting from the work of Hammarstrom & Zen (1986) , a number of studies have shown that the total Al content of hornblende in intermediate calc-alkaline rocks increases with pressure provided that the buffering assemblage consisting of quartz, K-feldspar, plagioclase, biotite, hornblende, titanite, and Fe^Ti oxide is present (Hollister et al., 1987; Johnson & Rutherford, 1989; Thomas & Ernst, 1990; Schmidt, 1992; Anderson & Smith, 1995) , which is a condition fulfilled by almost the entire suite of rocks (Table 1) . In this study we use the models of Schmidt (1992) and Anderson & Smith (1995) , which represent the most recent experimental calibrations of this geobarometer.
The pressures calculated with these calibrations using amphibole rim compositions (Table 7) range from 100 to 300 MPa, increasing from the intermediate rocks to the mafic enclaves. Pressure estimates using core compositions gave similar results, except for the cumulate amphibole of the layered rocks which gives pressures varying from 420 to 745 MPa ( Fig. 10a and b) . The significance of the latter values is questionable because the cumulate amphibole crystals might not be in equilibrium with associated minerals (but see next section); yet the fact that the intercumulus amphibole of the layered rocks records pressures similar to those of the other Rio Maria sanukitoids suggests that the cores of the cumulus amphiboles formed at higher pressures relative to the intercumulus amphibole, which crystallized at the level of final emplacement at around 200 AE100 MPa.
Another way of estimating pressure is to use the Al vs Na þ K and Al vs Mg-number diagrams (Prouteau & Scaillet, 2003) . The Al vs Na þ K diagram (Fig. 10a) suggests a large range of crystallization pressures, from around 900 MPa (core composition of cumulate amphibole) down to below 200 MPa (all other amphiboles). The Al vs Mg-number diagram (Fig. 10b) suggests in turn two distinct stages of evolution: a high-pressure stage of crystallization with amphiboles clustering in the 960 MPa field with some outliers extending down to 400 MPa; a low-pressure stage of crystallization indicated by amphibole compositions (all other amphiboles) similar to those obtained in experiments at 220 MPa (Scaillet & Evans, 1999) . The low-pressure amphiboles do not strictly overlap with the fields of experimental Pinatubo amphibole, but their overall lower Al tot contents are indicative of low pressure of crystallization or re-equilibration at $200 MPa, or even slightly below.
Therefore, the mineralogical evidence points to crystallization of the Rio Maria magmas involving perhaps two stages: a first high-pressure stage, possibly around 600^900 MPa, followed by a second crystallization stage at $200 MPa, corresponding to the final emplacement of the Rio Maria magmas in the upper crust. The occurrence (Bernard et al., 1991 (Bernard et al., , 1996 and experimental amphiboles produced in the dacite system at 220 MPa (Scaillet & Evans, 1999) , 400 and 960 MPa (Prouteau & Scaillet, 2003) . Fields from Prouteau & Scaillet (2003) .
of some cumulus amphibole compositions in the 400 MPa field can be interpreted as indicating either incomplete re-equilibration of the amphiboles formed at higher pressures or an intermediate level of temporary magma storage. The fact that the high-pressure stage is preserved only in the cumulate amphibole suggests the following two hypotheses: either the felsic end-member did not experience a high-pressure stage, which in turn would suggest its production (by differentiation of a mafic parental magma) at lower pressures. Alternatively, any highpressure amphibole in the felsic rocks could have been entirely re-equilibrated at low pressure. We have no evidence for making a choice, but the fact that the compositions of the thin rims of the cumulate crystals and of the core of the intercumulate amphibole are similar to those of the other varieties of amphibole indicates that the cumulate amphibole was affected to some extent by low-pressure re-equilibration (Fig. 11) . Although the compositional differences between the Pinatubo and Rio Maria rocks imply that our pressure estimates cannot be taken strictly at face value, we believe that the pressure range recorded by the compositional spread of amphibole is real, indicating crystallization across a pressure interval of at least 300 MPa.
H 2 O contents and crystallization temperatures
It is now well established that the crystallization sequence of magmas in general, and the stability of amphibole in particular, are both extremely dependent on the H 2 O content of the melt (e.g. Naney, 1983; Schmidt & Thompson, 1996; Scaillet & Evans, 1999; Dall' Agnol et al., 1999; Klimm et al., 2003; Prouteau & Scaillet, 2003; Bogaerts et al., 2006; Parat et al., 2008) . Petrographic data for the Rio Maria suite strongly suggest the early crystallization of amphibole. Specifically, the euhedral character of the amphibole crystals, their occurrence as inclusions in quartz and alkali-feldspar, the common association with plagioclase, the absence of relicts of pyroxenes within amphibole, the presence of amphibole as the only mafic megacryst in the layered rocks, where it is interpreted as a cumulate phase, and its elevated modal proportions (from 8 vol. % in the granodiorite to 47 vol. % in the mafic enclaves; Table 1 ; see also Oliveira et al., 2009) are key observational features pointing toward a major role for amphibole, and hence high water contents, during magma crystallization. That some, if not all, of these features are found in all four groups of the studied rocks suggests that amphibole was a near-liquidus phase in the whole suite. In contrast, the lack of both clinopyroxene and orthopyroxene suggests that either the stability field of these phases was not crossed during crystallization, or, if pyroxenes were stable at some earlier magmatic stage, that these phases must have reacted out completely during cooling (see Naney, 1983; Dall' Agnol et al., 1999) . Textural relationships indicate that plagioclase was also a liquidus phase, at least in the granodiorite and intermediate rocks.
Experimental data indicate that H 2 O contents of 5 wt % at 400 MPa, or 7^9 wt % at 960 MPa, are required for amphibole to be the liquidus silicate phase and to prevent the appearance of pyroxene (Naney, 1983; Prouteau & Scaillet, 2003) . Therefore the widespread occurrence of amphibole in the the Rio Maria suite suggests that during the early stages of crystallization, the precursor magmas had minimum dissolved H 2 O contents higher than 5 wt %, and possibly over 9 wt %, depending on pressure. Beyond its very presence, the high modal abundance of amphibole throughout the whole suite is also indicative of high water contents during magma crystallization, possibly in excess of 7 wt %. It could obviously be argued that the original modal abundances in the entire rock series have been affected to some extent by cumulative processes during magmatic differentiation. However, it is worth noting that the feldspar to amphibole ratio in many Rio Maria rocks is similar to that obtained in experimental studies performed on similar compositions: a characteristic Pl/Hbl (wt %) ratio of 2^3 is observed in the temperature range 780^8508C at 200 MPa for the Pinatubo dacite (Scaillet & Evans, 1999, see below) , whose composition is close to that of the dominant Rio Maria granodiorite variety (Table 1) . Similarly, the Pl/Hbl ratio in the more mafic enclaves hosted by the granodiorite is close to 0·8^1 (Table 1) , which is again similar to that obtained by crystallizing a compositionnaly similar hydrous arc basalt at $9508C and 400 MPa (Pichavant et al., 2002) . Therefore, if crystal sorting has occurred during magma evolution, available experimental data indicate that the cotectic mineral proportions in the precursor magmas of the Rio Maria plutonic rocks were reasonably well preserved.
Thus, it can be inferred that water-rich conditions already prevailed in the original magma(s) parental to the Rio Maria suite; that is, when the magmas had still a mafic composition. We note that the elevated melt water contents we propose are similar to those inferred for modern arc magmas of mafic to intermediate composition (e.g. Martel et al., 1999; Pichavant et al., 2002) . Owing to the generally incompatible behavior of water in magmas, it can be anticipated that any differentiation process that has operated to produce the range of chemical variation within the Rio Maria suite probably led to an increase in the melt water content of the felsic derivatives. Additional indirect evidence of the high H 2 O content of the Rio Maria sanukitoid magmas is the widespread pervasive subsolidus alteration that affected the studied rocks, responsible for the intense saussuritization of plagioclase and other associated reactions.
Constraints on magma crystallization temperatures can be made by using the Ti and Na þ K contents of amphibole (Scaillet & Evans, 1999) . The Ti and Na þ K contents of the amphiboles from the various sanukitoid groups define a broad trend between 780 and 7308C (Fig. 12) , whereas those from the layered rocks indicate a larger interval temperature, from 900 to 7608C. Although these temperature estimates are dependent on pressure in some way, they suggest that the Rio Maria sanukitoids probably began to crystallize near 9508C, extending to temperatures of $7008C near the solidus. The lowest temperatures possibly reflect re-equilibration of near-liquidus amphibole as cooling proceeded, as well as continuous amphibole precipitation through the crystallization interval.
An additional constraint on crystallization temperatures is given by calculation of apatite saturation temperatures (Harrison & Watson, 1984) . The resulting temperatures vary between 815 and 9388C and 785 and 8598C for intermediate and granodiorite rocks, respectively, overlapping with the range of crystallization temperatures derived above. For the other rock types studied, the apatite saturation temperatures are significantly higher (1085^15258C for the mafic enclaves; 1065^12658C for the layered rocks) possibly reflecting apatite accumulation. Zircon saturation temperatures (Watson & Harrison, 1983) are much lower than the apatite saturation temperatures. In the cases of the enclaves and the layered rocks the calculated saturation temperatures encompass the subsolidus range (590^6898C), whereas for the intermediate (676^7168C) and granodiorite (715^7408C) rocks the values approach the temperatures estimated for the solidus. The zircon saturation temperatures are, however, difficult to reconcile with the petrographic evidence for early zircon crystallization and with the temperatures inferred from experimental data and apatite thermometry.
Oxygen fugacity
Several experimental studies have shown that, at fixed T, fO 2 exerts a dominant control on the Fe/(Fe þ Mg) ratio of the mafic silicates and the whole-rocks (e.g. Anderson & Smith, 1995; Dall' Agnol et al., 1999; Martel et al., 1999; Scaillet & Evans, 1999; Pichavant et al., 2002; Prouteau & Scaillet, 2003; Bogaerts et al., 2006) . Therefore, the composition of amphibole, biotite and magmatic epidote in the studied sanukitoid rocks can be used also to evaluate the redox conditions of the Rio Maria magmas.
The Fe/(Fe þ Mg) ratios in amphiboles in the layered rocks (0·25^0·43), intermediate rocks (0·25^0·35), mafic enclaves (0·34^0·43) and granodiorite (0·32^0·43) of the Rio Maria suite are relatively low. In the layered rocks, Fe/ (Fe þ Mg) ratios are lower in the cumulate amphibole (0·25^0·33) than in the intercumulate amphibole (0·28^0·43). The Fe/(Fe þ Mg) ratio of amphibole increases from the cumulate and intermediate rocks towards the granodiorite and enclaves (Fig. 7) , suggesting that the granodiorite and enclaves probably formed under slightly less oxidizing conditions relative to the cumulate and intermediate rocks. Similarly, the compositional variation of the amphibole in the layered rocks suggests that the cumulate amphibole crystallized under more oxidizing conditions than that of the intercumulus amphibole. Apart from these minor inter-group variations, amphibole compositions suggest that the Rio Maria magmas evolved under relatively oxidizing conditions, above NNO (nickel^nickel oxide) buffer (see below). This is also borne out by the relatively low whole-rock FeO t /(FeO t þ MgO) ratios of the various rocks of Rio Maria suite (Table 2) , which also point to relatively oxidizing conditions (see Pichavant et al., 2002) . For example, the FeO tot /MgO ratio of Rio Maria granodiorites is within the range 1^2 (Table 2) , which is similar to that of intermediate liquids (60^64 wt % SiO 2 ) produced by hydrous basalt crystallization at 400 MPa at around NNO þ 2 (Pichavant et al., 2002) .
As the Rio Maria granodiorite and Pinatubo dacite have almost identical bulk-rock Fe/Mg ratios (Table 6 ), the empirical relationships established between the Fe/Mg of amphibole and fO 2 for Pinatubo amphiboles by Scaillet & Evans (1999) , and the data of Prouteau & Scaillet (2003) , can be used to infer the redox conditions of the Rio Maria granodiorite magmas. This empirical calibration has been established at 7808C, which falls midway in the T range inferred for Rio Maria suite (Fig. 12) . It can be expected that the overall positive correlation between fO 2 and Fe/Mg also holds true at other temperatures, being displaced toward higher (lower) Mg contents when temperature increases (decreases). To a first approximation, application of such a relationship to rocks with a lower Fe/ Mg ratio than that of the Pinatubo dacite (i.e. all the Rio Maria suite except the granodiorites) will probably constrain the maximum possible fO 2 for amphibole crystallization. The Fe/(Fe þ Mg) ratios of experimental amphibole from the Pinatubo dacite obtained at 400 MPa and 960 MPa and at an fO 2 of NNO þ 2 to NNO þ 4·8 (Prouteau & Scaillet, 2003) vary between 0·15 and 0·30 and are partially coincident with those of the intermediate Rio Maria rocks, but generally lower than those of the enclaves and granodiorites of the Rio Maria suite. The fact that Fe/(Fe þ Mg) ratios as low as 0·15 are not found in Rio Maria amphiboles suggests that the magmas evolved at fO 2 conditions less oxidized than NNO þ 2, although amphiboles from both rock types partially overlap with each other. Application of the relationship of Scaillet & Evans (1999) to the Rio Maria suite thus indicates that the magmas parental to these rocks probably crystallized at relatively oxidizing conditions above the NNO buffer, yielding an overall range between NNO þ 0·5 and NNO þ 2·7 (Fig. 13) . In detail, bearing in mind the caveats given above, the amphibole in the cumulate and intermediate rocks seems to record relatively more oxidizing conditions (NNO þ1·5 to NNO þ 2·7) relative to that of the granodiorite and mafic enclaves (NNO þ 0·5 to NNO þ1·4).
The Fe/(Fe þ Mg) ratios of the biotite in the Rio Maria suite are slightly higher than those of amphibole (see Tables 3 and 4 , and Fig. 8b ) and, as for amphibole, point to relatively oxidizing conditions during the evolution of these magmas, similar to that of the Pinatubo dacite (Scaillet & Evans, 1999) . The lower fO 2 recorded by biotite may arise from its greater propensity to re-equilibrate down temperature, compared with amphibole. Variations in biotite TiO 2 contents are significant and apparently related to the degree of oxidation of the parental magmas. This is suggested by the fact that the intermediate rocks have the lowest TiO 2 contents in biotite but also the lowest Fe/(Fe þ Mg) ratios in biotite and amphibole [see also Dall' Agnol et al. (1999) for a comparable feature in the Jamon granite].
Finally, the composition of magmatic epidote can also be used to constrain the redox conditions of the Rio Maria magmas. Several studies have shown that the thermal stability of epidote increases with fO 2 (Holdaway, 1972; Liou, 1973; Schmidt & Thompson, 1996; and the Fe 3þ content of synthetic epidote increases with fO 2 (Liou, 1973) . In the Rio Maria sanukitoids, the pistacite content of magmatic epidote in the granodiorite varies between 28 and 33 mol %, whereas that in the intermediate rocks has somewhat lower values between 26 and 31mol %. These ranges in pistacite content are achieved between the HM (hematite^magnetite) and NNO buffers (Liou, 1973) , giving further support to high fO 2 conditions during the crystallization of the Rio Maria magmas (above the NNO buffer).
Lack of magnetite in oxidized magmas
As noted in the sections above, the magnetic susceptibility of the granodiorites is usually low and magnetite is rare to absent. At first sight, this could be interpreted as the typical behavior of ilmenite-series granitoids, which crystallize under low fO 2 conditions (Ishihara, 1977 (Ishihara, , 1981 . However, this is in contradiction with the lack of ilmenite. A similar paradox has been observed in the Fig. 13 . Estimation of oxygen fugacity conditions of the Rio Maria magmas, based on the data of Scaillet & Evans (1999) . The diagram illustrates the effect of fO 2 on the Mg-number of experimental hornblende in S-free and S-bearing dacite at 7808C and 220 MPa. The curve for hornblende in the S-free system is a second-order polynomial fit: ÁNNO ¼^20·206 þ 51·56(Mg-number)^27·605(Mg-number) 2 with a correlation coefficient r 2 ¼ 0·995 (Scaillet & Evans, 1999) .
epidote-bearing granites of NE Brazil, Argentina, and Chile, which do not have magnetite as an accessory mineral, yet also show evidence of crystallization under relatively oxidizing conditions (Sial et al., 1999) . We thus conclude that, in the Rio Maria rocks, the magnetic susceptibility data and the nature and content of iron oxide minerals are not conclusive with respect to the oxidation conditions of the magmas. The general lack of magnetite is possibly related to its replacement by epidote during magma crystallization. When present, magnetite is found as inclusions in amphibole, indicating that it crystallized near the liquidus, along with amphibole and plagioclase.
Textural evidence also suggests that epidote crystallized in equilibrium with biotite down to near-solidus conditions. These observations suggest, therefore, the operation of the following reaction (e.g. Schmidt & Thompson, 1996) :
Experimental studies have indeed shown that, for water-rich magmas (H 2 O44 wt %) evolving under oxidizing conditions, early crystallizing hornblende will be replaced upon cooling by biotite-and titanite-bearing or biotite-and epidote-bearing (Naney, 1983) assemblages. Hence, the abundance of magmatic epidote in the Rio Maria suite and the concomitant lack of magnetite probably originate from a peritectic reaction during cooling involving magnetite on the high-temperature side.
C O N C L U S I O N S A N D P E R S P E C T I V E S
Our study shows that quantitative P^T^fO 2 constraints can be obtained from the application of phase equilibria studies to fully solidified magmatic rocks, provided that the compositions of the target rocks are comparable. Insights come from the consideration not only of phase equilibria, which is a well-established approach (i.e. Maaloe & Wyllie, 1975) , but also by taking into account mineral compositions, and phase proportions. The vagaries of sub-solidus modifications affecting cooling intrusions inevitably mean that errors in P^T^H 2 O^fO 2 estimates for plutonic rocks are larger than for fresh volcanic rocks. However, it is worth stressing that a significant part of the observed spread reflects the fact that intensive variables governing magma evolution also vary considerably during crystallization. The case for temperature is obvious, but our work clearly shows that pressure variations can not only be documented but also estimated in a near-quantitative manner.
From the evidence presented above, we conclude that the Rio Maria magmas were water-rich, with 47 wt % water, and evolved under oxidizing conditions, above the NNO buffer, probably between NNO þ 0·5 and NNO þ 2·5. These conditions allowed the crystallization of amphibole as the liquidus phase, at around 9508C, inhibited clinopyroxene and orthopyroxene, and favoured crystallization of epidote at low pressure. After ascent to upper crustal levels, at around 200 MPa, plagioclase began to crystallize at around 9008C. At lower temperatures, a peritectic reaction involving amphibole þ plagioclase þ magnetite þ (K-feldspar melt ) resulted in the precipitation of biotite and epidote. Any high-pressure amphibole should have re-equilibrated extensively at these conditions, except for the core of coarse amphibole crystals, such as those found in the cumulate rocks (Fig. 11) .
The P^T^H 2 O^fO 2 estimates made above for the Rio Maria suite point therefore to oxidized and wet conditions for their precursor magmas, two features characteristic of present-day arc magmas, including those with a strong slab melt signature, such as the Pinatubo magma. The immediate, and perhaps principal, implication is that sanukitoid petrogenesis at Rio Maria is indeed compatible with a subduction zone geodynamic setting during the Archean in this area. Other geodynamic interpretations are possible, however, in particular those invoking slab breakoff (Calvert et al., 2004; Lobach-Zhuchenko et al., 2008; Halla et al., 2009) . From a more general perspective, it remains to be demonstrated whether such arc attributes are specific to the Rio Maria magmas or characterize sanukitoid occurrences worldwide. The origin of the primary magmas of the Rio Maria sanukitoid rocks, as well as the level at which the granodiorite magma was produced, requires further work and will be the focus of future studies.
